It has been shown that dye sensitized solar cells (DSSCs) based on porous titanium dioxide (titania) layers have efficiencies exceeding 10%. Although porous structure has the advantage of large surface area for light harvesting, electron transport through the random nanoparticle network forming a porous film results in electron mobilities which are two orders of magnitude lower compared to the single crystal materials. Therefore, considerable efforts have been made to fabricate DSSC based on one dimensional nanostructures, such as nanowires or nanotubes. Titania nanotube arrays are typically made by anodization of titanium, followed by annealing to improve crystallinity. In this work, we investigated the influence of annealing temperature and annealing atmosphere on the crystal structure, the electron transport, and the solar cell performance of titania nanotube arrays. The titania nanotube arrays were prepared from electrochemically anodized titanium foils and their morphology and crystal structure were characterized by scanning electron microscopy and transmission electron microscopy. The crystal phases and the compositions of nanotube arrays were further investigated by X-ray diffraction for different annealing temperatures and X-ray photoelectron spectroscopy for different annealing atmospheres. For optimal annealing conditions, the short circuit current density of 4.27 mA/cm 2 and power conversion efficiency of 1.30% could be achieved under AM 1.5 simulated solar irradiation for 2 µm long nanotubes.
INTRODUCTION
The photovoltaic applications of TiO 2 have been investigated extensively after the invention of dye sensitized solar cell (DSSC) with power conversion efficiencies exceeding 10% using nano-porous TiO 2 semiconductor metal oxide as electron acceptor by O'Regan and Gratzel [1] . Standard criteria of TiO 2 metal oxide layer to function effectively in DSSC are (1) to provide large surface area for the attachment of light harvesting dyes, (2) to have desired morphology or network for efficient electron transport and (3) to exhibit pure anatase phase structure. Although a porous structure has provided large surface area, electron transport through the random nanoparticle network is poorer than the ordered and aligned nanostructures like nanowires and nanotubes. This is because the mobility of charges in the porous structure with grain boundaries between the sintered nanoparticles is two orders of magnitude lower than that of single-crystalline rutile TiO 2 (10 -2 cm 2 V -1 s -1 for porous TiO 2 , 1 cm 2 V -1 s -1 for single-crystalline rutile TiO 2 . [2] ). Therefore, intensive research on one dimensional nanostructure of TiO 2 such as nanowires or nanotubes [3] [4] [5] [6] [7] [8] has been carried out in order to improve the charge carrier's mobility and electrical contact between this wide band gap semiconductor and the electrodes in DSSCs.
In the present study, we report the photovoltaic properties of TiO 2 nanotubes in DSSCs. TiO 2 nanotube arrays were typically prepared by electrochemical anodization of titanium foils in fluoride containing solution [9] . The fluoride ions in the electrolyte and formed a soluble TiF 6 2-complex. Which was then dissolved in the electrolyte and the TiO 2 tubular structures was formed on the surface [10, 11] . The morphologies, such as tube length, wall thickness and pore size, were controlled by the pH of electrolyte and the anodization voltage. The structure of the nanotubes exhibited amorphous phase after anodization, and thus annealing was carried out to obtain the crystalline structure with anatase phase. We also investigated the influence of annealing temperature to the nanostructures and cell performances. The X-ray diffraction (XRD) results revealed that the majority of the nanotubes had anatase phase after annealing at 450 o C. Rutile phase started to form in the TiO 2 nanotubes with the annealing temperature was increased to 500 o C. The higher the temperature, the more rutile phase formed in the nanotubes and the cell performances deteriorated.
In addition, we tried to modify the electronic properties of TiO 2 in order to improve the electron transport and solar cell performances by nitrogen doping and/or native defect optimization. Sawabe et al. demonstrated experimentally that the TiO 2 single crystal physical properties can be modified, after doping with nitrogen via annealing process in an ammonia (NH 3 ) atmosphere at 870 K [12] [13] [14] [15] [16] . Therefore, via ammonia treatment can modify the TiO 2 electronic properties. Since the anatase phase has better photoelectron transport than the rutile phase, we examined the photovoltaic effects of DSSCs with the TiO 2 nanotubes treated in ammonia atmosphere (160 torr) at 450 °C. The composition of the surface of TiO 2 nanotubes were investigated by XPS. For optimized annealing conditions at 450°C in air, followed by ammonia treatment, the short circuit current density of 4.27 mA/cm 2 and power conversion efficiency of 1.30% could be achieved under AM 1.5 simulated solar irradiation for 2 µm-long TiO 2 nanotubes.
EXPERIMENTAL DETAILS
Titanium foils with a thickness of 0.25 mm (99.7%, Aldrich) were degreased by sonication in toluene, acetone and ethanol for 5 min respectively, and then rinsed with deionized water and dried in an oven at 100 o C for 10 minutes. the electrolyte consisted of a mixture of KF(0.1M), sodium citrate tribasic dehydrate (0.2M), sodium bisulfate monohydrate (1.0M), and sodium hydroxide in deionized water. Sodium bisulfate monohydrate and sodium hydroxide were used to adjust the pH value of the solution in the range of (3.2-3.8) prior to addition of KF. and it was prepared [17] .
Anodization was carried out in a standard electrochemical cell with titanium foil as the anode and platinum mesh as the counter electrode under dc power supply (see Fig. 1 ). The length of the titania (TiO 2 ) nanotubes was controlled by the duration of anodization (2-4 h) at 25 V. The anodized substrates were washed with ethanol and deionized water to remove the organic electrolyte and annealed at 450 o C (heating/cooling rate of 1 °C/min for 3 h) in air. Ammonia treatment was performed using the same annealing conditions under ammonia atmosphere at a flow rate and pressure of 115 sccm and ~160 torr, respectively. The morphology of the TiO 2 nanotubes was examined by scanning electron microscopy (SEM, Leo 1530) and transmission electron microscopy (TEM, Philips Tecnai-20 and JEOL 2010F).The composition was studied by using x-ray photoelectron spectroscopy (XPS, PAL 102). XPS was performed before and after sputtering to remove surface contamination.
For the fabrication of the DSSCs, after the preparation of the TiO 2 nanotube samples, the samples were soaked in a cis-bis(isothiocyanato) bis(2,2′-bipyridyl-4,4′-dicarboxylato)-ruthenium(II)(N3)solution in ethanol (20 mg N3 in 100 mL pure ethanol). The solution was heated to 80 °C for 2 h, and then the samples were kept in solution for 15 h at room temperature. The samples were then rinsed in pure ethanol to remove non-chemisorbed N3 before solar-cell assembly. The DSSCs were assembled by sandwiching two electrodes of a counter electrode Platinum-coated conductive oxide glass (Solaronix) and the TiO 2 tubes foil by a spacer layer (25 µm thickness, SX1170-25, Solaronix). The electrolyte (Iodolyte R-150, Solaronix) was infiltrated into the cavity in the spacer layer through one of the two holes in the Ti foil by placing droplets of the electrolyte over one of the holes drilled in the foil prior to nanotubes growth by electrochemical anodization (see Fig 2) . The device area was 0.785 cm 2 .
The current-voltage characteristics (I-V) were measured by using a Keithley 2400 sourcemeter. For white-light efficiency measurements (at 100 mWcm -2 ), an Oriel 66002 solar-light simulator with AM1.5 filter was used. The light intensity was measured by a Molectron Power Max 500D laser power meter. For the transient measurement, a specific wavelength of light was selected with a Thermo Oriel 257 monochromator. The photocurrent generated was measured using a Keithley 2400 sourcemeter. The light intensity was measured with a Newport 1830-C optical power meter equipped with an 818-UV detector probe. (Fig. 3a) , ~1µm for 1 to 1.5 hr (Fig. 3b) ,~1.5µm for 1.5 to 2 hr (Fig. 3c) , ~2µm for 4 to 6 hr (Fig. 3d) ). After 4 to 6 hr of anodization the tubes length was found to be 2µm. The Ti foil size and the volume of the electrolyte for anodization also influenced the length of the tubes with anodization time, but finally, the tubes would reach to a fixed length of around 2µm. In this study, 7 cm × 5cm Ti foil and 500 mL electrolyte had been used for anodization. For longer duration of anodization, lower porosity and better ordering of the tubes could be obtained. The tube inner diameter was 110 ± 10 nm and the thickness of tube wall was 20 ± 5 nm (see Fig. 4d and Fig. 5b ), in agreement with the literature [15] . The crystal structure and the phases of the nanotubes after the anodization were examined by using TEM and selective area electron diffraction(SAED). Figure 5c shows SAED rings pattern, indicating the NT changed to anatase phase with polycrystalline structure after annealing at 450 o C. The grain boundary, indicating polycrystalline structure, could also be observed from Fig 5c TEM image. C, only anatase TiO 2 peak at 2θ=25.3º could be found with the increase of substrate temperature. Increased signal at 2θ=27.5º corresponding to rutile phase appears with increasing temperature, and becomes dominant at 650ºC.
RESULTS AND DISCUSSIONS
To investigate the influence of crystal structure on solar cell performance, DSSCs with nanotubes annealed at different temperatures were fabricated. All the nanotube arrays were prepared in the same anodization process for better comparison of annealing at different temperatures. The fabricated DSSCs were characterized under illumination through the platinum counter-electrode, as illustrated in Fig. 7 . The disadvantages of the design are the light reflection at the platinum counter-electrode and absorption by the electrolyte, but such approach was necessary due to the fact that Ti foil was not transparent. DSSCs. This may be because of anatase phase has good injection process between the dye and TiO 2 layer [18] and smaller electron effective mass, resulting in having higher mobility charge carriers, compared with rutile phase [19] . The results also show the ammonia treatment can further improve the efficiency and increase short circuit current (Isc = 4.27 mAcm -2 , Voc = 0.65, FF = 0.47, and η = 1.30 %) of DSSCs. The improvement via ammonia treatment was expected to be attributed by broadening of absorption spectum by nitrogen doping. However, no significant change in color was observed on the samples after ammonia treatment, implying that the nitrogen incorporation in the lattice was very low. The performance improvement by ammonia treatment can be attributed to a change in defects concentration (such as oxygen vacancies) in ammonia atmosphere at an elevated temperature, which affects the carrier concentration and charge transport in TiO 2 nanotubes [5] . To investigate the nitrogen concentration and titanium:oxygen ratio, XPS measurements were performed on the samples annealed in air and NH 3 . C, O, Ti, and N were observed in the samples under the wide range scan. After sputtering to remove surface contamination, no nitrogen peak was found for samples annealed in air. For the NH 3 annealing, N/Ti =0.1% was obtained, indicating very low nitrogen concentration in the tubes after ammonia treatment . In order to get more composition information from the XPS examination, we fitted detailed scan peaks for oxygen and titanium. The peak position and the area, taking sensitivity factors into account, provide the composition information. For O peak, two peaks could be fitted, 530.8-530.9 eV and 531.7-531.9 eV for O 1 and O 2 which corresponding to two different oxidation states [5] . For Ti peak, three peaks could be fitted in the 2p 3/2 region, where 459.7 eV, 460.8 eV and ~ 457.7 eV to Ti 4+ in anatase/rutile titania and Ti 3+ 2p 2/3 contribution for the last two [5] . From the peak areas, we could obtain O 1 /O 2 =2.55 for air annealing, and 1.85 for NH 3 annealing. O 1 /Ti ratios were 1.91 and 1.71 for air annealing and NH 3 annealing, respectively. Therefore, the improvement in the device performance after ammonia treatment was likely attributed to an increased in oxygen deficiency of the samples, which in turn affects the carrier concentration and the charge transport. Figure 9 presents photocurrent transients for the 2 µm long tubes annealed at different annealing temperatures ( 450ºC, 500ºC, 550ºC, 650ºC). The curve corresponding to ammonia treated tubes is also shown. The results show an increasing trend of time constants with increasing annealing temperature, indicating faster charge-collection process for pure anatase phase than for mixed rutile and anatase phase. The trap states in the grain boundaries which affect the electron transport from an anatase (rutile) phase grain to rutile (anatase) phase grain may also contribute to slower response of the photocurrent. 
CONCLUSION
To summarize, the performance of DSSCs based on TiO 2 nanotube arrays fabricated for different annealing temperatures and annealing atmospheres (ammonia and air) had been tested. The short circuit current density mainly depended on the nanotube annealing temperature and annealing environment. It was observed that the presence of rutile phase lead to poor performance of DSSCs and decreased the photocurrent response. The best fabrication condition was annealing the nanotubes at 450 o C in air for 3 hr and then followed by an ammonia treatment, corresponding to a shortcircuit current density of 4.27 mAcm -2 , open circuit voltage V oc = 0.65 V, fill factor FF =0.47, and power-conversion efficiency of 1.30 %. Further improvements could likely be obtained with further increase in the amount of adsorbed dye, either via fabricating longer tubes or by TiCl 4 treatment.
